The PP1 phosphatase Flapwing regulates the activity of Merlin and Moesin in Drosophila  by Yang, Yang et al.
Developmental Biology 361 (2012) 412–426
Contents lists available at SciVerse ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r .com/deve lopmenta lb io logyThe PP1 phosphatase Flapwing regulates the activity of Merlin and Moesin
in Drosophila
Yang Yang b, David A. Primrose a, Albert C. Leung a, Ross B. Fitzsimmons a, Matt C. McDermand a,
Alison Missellbrook a, Julie Haskins b, AnneLiese S. Smylie a, Sarah C. Hughes a,b,⁎
a Department of Medical Genetics, University of Alberta, Edmonton, AB, Canada T6G 2H7
b Department of Cell Biology, University of Alberta, Edmonton, AB, Canada T6G 2H7⁎ Corresponding author at: 8-42 Medical Sciences Bu
Dentistry, University of Alberta, Edmonton, AB, Canad
1998.
E-mail address: sarah.hughes@ualberta.ca (S.C. Hugh
0012-1606/$ – see front matter © 2011 Elsevier Inc. All
doi:10.1016/j.ydbio.2011.11.007a b s t r a c ta r t i c l e i n f oArticle history:
Received for publication 25 February 2011
Revised 9 November 2011
Accepted 10 November 2011
Available online 19 November 2011
Keywords:
Flapwing
Merlin
Moesin
Drosophila
PP1 phosphataseThe signalling activities of Merlin and Moesin, two closely related members of the protein 4.1 Ezrin/Radixin/
Moesin family, are regulated by conformational changes. These changes are regulated in turn by phosphory-
lation. The same sterile 20 kinase-Slik co-regulates Merlin or Moesin activity whereby phosphorylation inac-
tivates Merlin, but activates Moesin. Thus, the corresponding coordinate activation of Merlin and inactivation
of Moesin would require coordinated phosphatase activity. We ﬁnd that Drosophila melanogaster protein
phosphatase type 1 β (ﬂapwing) fulﬁls this role, co-regulating dephosphorylation and altered activity of
both Merlin and Moesin. Merlin or Moesin are detected in a complex with Flapwing both in-vitro and in-
vivo. Directed changes in ﬂapwing expression result in altered phosphorylation of both Merlin and Moesin.
These changes in the levels of Merlin and Moesin phosphorylation following reduction of ﬂapwing expression
are associated with concomitant defects in epithelial integrity and increase in apoptosis in developing tissues
such as wing imaginal discs. Functionally, the defects can be partially recapitulated by over expression of pro-
teins that mimic constitutively phosphorylated or unphosphorylated Merlin or Moesin. Our results suggest
that changes in the phosphorylation levels of Merlin and Moesin lead to changes in epithelial organization.
© 2011 Elsevier Inc. All rights reserved.Introduction
Epithelial tissues are composed of polarized cells with speciﬁc apical
and basal domains, deﬁned by intercellular junctions. Proliferation of
cells within an epithelial layer requires remodelling of these intercellu-
lar interaction domains. One group of proteinswith known roles in both
proliferation and epithelial integrity includes Merlin (Mer) and Ezrin,
Radixin, Moesin (ERM) (Bretscher et al., 2002; McClatchey and Fehon,
2009).Mer is a critical regulator of proliferation inmammalian andDro-
sophila tissues, and is deﬁned as a tumour suppressor protein (Fehon et
al., 1997b;McCartney and Fehon, 1996; Rouleau et al., 1993; Trofatter et
al., 1993). Mer has also been shown to be required for establishment of
stable adherens junctions (Gladden et al., 2010; Lallemand et al., 2003).
There is clear functional conservation for Mer activities, as humanMer
can rescue loss of Drosophila Mermutant ﬂies (LaJeunesse et al.,
1998). ERM proteins are thought to primarily regulate and maintain
epithelial integrity through organization of the apical cytoskeleton
(Bretscher et al., 2002; McClatchey and Fehon, 2009). In addition,ilding, Faculty of Medicine and
a T6G 2H7. Fax: +1 780 492
es).
rights reserved.both Mer and ERM proteins function as membrane-cytoskeletal
linkers and as potential regulators of multiple signalling pathways
(Bretscher et al., 2002; Curto et al., 2007; Hamaratoglu et al., 2006;
Maitra et al., 2006; McClatchey and Fehon, 2009; Shaw et al., 2001;
Speck et al., 2003).
Mer and the ERM proteins have >45% sequence identity (Bretscher
et al., 2002). All are predicted to have intramolecular interaction
between the N-terminal 4.1 ERM (FERM) head domain and the C-
terminal tail domain (Berryman et al., 1995; Gonzalez-Agosti et al.,
1999; Gronholm et al., 1999; Meng et al., 2000; Nguyen et al.,
2001; Sherman et al., 1997). Change in protein conformation can
alter function by affecting interaction(s) with protein partners via
selective masking or unmasking of speciﬁc amino acid sequences
(Gary and Bretscher, 1995; Henry et al., 1995; Martin et al., 1995;
Reczek and Bretscher, 1998). For example, phosphorylation of a con-
served threonine in the C-terminal tail of mammalian ERM proteins
relieves the intramolecular head to tail interaction and is required
for activation (Fukata et al., 1998; Hayashi et al., 1999; Nakamura
et al., 1995; Tran Quang et al., 2000). In general, closed hypopho-
sphorylated ERM proteins are thought to not interact with trans-
membrane proteins or the cytoskeleton (Matsui et al., 1998; Nakamura
et al., 1999). However, in mammalian cells, the closed, hypophosphory-
lated form of Mer is thought to be active as it has been shown to inhibit
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conserved serine at residue 518 upon serum withdrawal or cell–
cell or cell–matrix contact (Morrison et al., 2001; Shaw et al., 2001).
The single Drosophila ERM orthologue, Moesin (Moe), negatively
regulates Rho signalling, thus maintaining epithelial integrity (Speck
et al., 2003). Multiple kinases have been shown to regulate Mer and
ERM protein activity. This includes Rho (Oshiro et al., 1998) and Pro-
tein kinase C (Pietromonaco et al., 1998) which also phosphorylate
Moe. Both p21 activated kinase (PAK) (Kissil et al., 2002; Xiao et al.,
2002) and PKA (Laulajainen et al., 2008) have also been implicated
in Mer phosphorylation. In Drosophila, the kinase Slik has been shown
to phosphorylate both Mer and Moe thereby inactivating Mer and
activating Moe which results in a coordinate regulation of prolifera-
tion and epithelial integrity (Hughes and Fehon, 2006).
During development, epithelial cells alternate between strongly
adherent and proliferative states. This would require repeated alter-
ation between Mer and Moe phosphorylation states. Therefore, we
hypothesized that one or more corresponding phosphatases co-
regulate these proteins. The conserved Serine 518 of mammalian
Mer is a known target of phosphatase PP1δ, in a complex with
MYPT-1 (myosin phosphatase), leading to Mer activation (Jin et al.,
2006). This was demonstrated by using the cellular inhibitor of
MYPT-1-PP1, CPI-17, which results in a loss of Mer function concom-
itant with changes in Mer phosphorylation, activation of Ras and cel-
lular transformation (Jin et al., 2006). Previous studies have provided
some hints as to the identity of the phosphatases that might regulate
Moe. Moe binds to a regulatory subunit of myosin/moesin phospha-
tase (MMP), containing a protein type 1 phosphatase catalytic subu-
nit (Eto et al., 2000). Supporting a role for this phosphatase in the
regulation of Moe, this enzyme is important for the dynamic remo-
delling of the cytoskeleton in ﬁbroblast cells as determined using a
speciﬁc MMP inhibitor (CPI-17) (Eto et al., 2000). Similarly, changes
in Sds22, a PP1 phosphatase regulatory subunit that binds to all four
Drosophila PP1 proteins, affect epithelial cell shape and polarity in
Drosophila cells (Grusche et al., 2009). Loss of Sds22 leads to in-
creased phosphorylation of Moe in Drosophila follicle cells and the
disruption of epithelial polarity. Sds22 function has been shown to be
conserved in human cells (Grusche et al., 2009). However, up to now,
no speciﬁc phosphatase has been shown to directly regulate Moe activ-
ity, and none are known to co-regulate both Mer and Moe, like Slik
(Hughes and Fehon, 2006).
Protein phosphatase type 1 (PP1) deﬁnes a large group of serine/
threonine phosphatases (Shi, 2009). These are found in all types of
eukaryotic cells and are important regulators of a vast array of cellular
functions including cell signalling, protein synthesis, RNA splicing,
cell cycle, and muscle contraction (Lin et al., 1999; Shi, 2009). There
are multiple catalytic sub-units of the PP1s, which interact with dif-
ferent regulatory subunits. The regulatory subunit of the PP1 enzyme
complex, in turn, regulates substrate speciﬁcity and sub-cellular lo-
calization (Ceulemans and Bollen, 2004; Cohen, 2002; Lin et al., 1999).
Based upon speciﬁc sequence similarity, PP1s have been classiﬁed
into three isoforms; PP1α, PP1β (also called PP1δ) and PP1γ (Lin et
al., 1999). Mammals have three PP1 genes, whereas Drosophila have
four, encoding highly related (>85% identity) PP1catalytic proteins
(Dombradi et al., 1990a, 1993). In Drosophila, there are three PP1α
type enzymes (PP1-13C, PP187B and PP196A) while ﬂapwing (ﬂw) or
PP1β9C encodes a PP1β type protein. Drosophila PP1α is homologous
to mammalian PP1α and PP1γ whereas Flw/PP1β is homologous to
mammalian PP1β/δ. It is particularly notable that PP1α (PP187B)
contributes 80% of the total phosphatase activity within Drosophila
larvae, while the ﬂw locus contributes only 10% of the total PP1c ac-
tivity (Axton et al., 1990; Dombradi and Cohen, 1992; Dombradi et
al., 1990b). However, the ﬂw gene is the only Drosophila PP1 gene
that is essential for viability. Loss of function ﬂw clones in follicle
cells show increased myosin levels, and disorganization of the actin
cytoskeleton (Vereshchagina et al., 2004).We set out to test if Flw co-regulates Mer and Moe activities
during cell proliferation and adhesion. We found that Flw is able
to dephosphorylate both Mer and Moe. This coordinate modiﬁca-
tion positively regulates Mer and represses Moe activity, which
subsequently leads to epithelial disorganization during the develop-
ment of Drosophila tissues such as wing imaginal discs.
Materials and methods
Drosophila stocks
y cho ﬂw1, UAS Flw HA (stock # 23703) (Kirchner et al., 2007) was
obtained from the Bloomington Drosophila Stock Center. The ﬂw RNAi
line (stock #104677KK) was obtained from the Vienna Drosophila
RNA Center (Dietzl et al., 2007). UAS transgenes and RNAi (inverted
repeats; IR) lines were expressed by crossing to apterous-Gal4
(expressed in dorsal surface), patched-Gal4 (expressed along the
anterior/posterior boundary) or MS1096-Gal4 lines (expressed in dor-
sal surface) (Brand and Perrimon, 1993; Capdevila and Guerrero, 1994).
Flies were raised on the standard media currently used by the Bloom-
ington Stock Centre.
Transfection of Schneider 2 (S2) cells
2 μg each of Ubiquitin-GAL4, UAS HAMer and UAS HA Flw plasmid
DNAwas incubated with 120 μl of 250 μg/ml DDAB (dimethyl diocta-
decyl ammonium bromide; Sigma Aldrich) transfection reagent and
60 μl of Hyclone Serum free SFX insect cell culture medium (Thermo
Scientiﬁc) at room temperature for 20 min (Han, 1996). The trans-
fection mix was then added dropwise into 3 ml of S2 cells (106
cells per ml) in a six well plate and were then incubated overnight
at 25 °C.
Antibody preparation
A N-terminal GST-Merlin fusion protein was expressed and pu-
riﬁed as described previously (Rebay and Fehon, 2009) except
that the GST protein was puriﬁed by column chromatography
and following elution by glutathioine, electroeluted and then dia-
lyzed into 1× PBS. Polyclonal sera were raised in guinea pigs
against the Merlin fusion protein (Pocono Rabbit Laboratory and
Farms).
Co-immunoprecipitation and immunoblotting
Cells were collected by centrifugation at 1000×g for 3 min. Cell pel-
let was lysed and cross-linked into 1 ml of mild lysis buffer (50 mM
HEPES pH 7.0, 50 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM DTT,
1% Triton X-100, 1× Roche complete EDTA free inhibitor cocktail, 1×
Roche Phos STOP)+0.1% formaldehyde for 10 min at 4 °C. Cellular de-
bris was cleared by centrifugation at 16,000×g for 10 min at 4 °C. The
supernatant was divided into two 1.5 ml tubes and incubated overnight
at 4 °C with mouse anti-HA (Sigma) dimethyl pimelimidate dihy-
drochloride crossed linked protein G beads (IP for Flw), or protein
G beads alone (Control), or alternately were incubated overnight
at 4 °C with guinea pig anti-Merlin dimethyl pimelimidate dihy-
drochloride crossed linked protein A beads (for Mer IP), or protein
A beads alone (Control). Anti HA (1:500) and anti-Merlin (1:1000)
was used in the crosslinking to sepharose beads. Beads were pelleted
at 1000×g for 30 s and washed four times in mild lysis buffer. Beads
were eluted two times using 75 μl of Gentle Ag/Ab elution buffer
(Thermo Scientiﬁc). The protein was precipitated (chloroform and
methanol), resuspended in 50 μl of 1× SDS sample buffer. Protein
samples were heated to 95 °C for 5 min, loaded and were separated
on a 10% SDS-PAGE gel, and transferred to nitrocellulose (Biorad).
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(Odyssey; LI-COR).
To visualize alternatively phosphorylated forms of Mer, third-instar
wing imaginal discs (10 per genotype) from larvae of the genotypes
MS1096-Gal4 X UAS ﬂw-IR (reduced expression of ﬂw), MS1096-Gal4
X UAS ﬂw (over expression of ﬂw) or MS1096-Gal4 X w1118 (wild type
control) were dissected and Mer protein was immunoprecipitated
using guinea pig anti-Mer incubated with protein A beads as de-
scribed (Hughes and Fehon, 2006). Guinea pig anti-Mer was used
on blots at 1:5000. Proteins were run on low-bis acrylamide gels as
previously described (Hughes and Fehon, 2006). To visualize phos-
phorylated Moe lysates from the genotypes MS1096-Gal4 X UAS
ﬂw-IR, MS1096-Gal4 X UAS ﬂw or MS1096-Gal4 X w1118 third instar
wing imaginal discs were analysed using a rabbit phospho speciﬁc
antibody (PhosphoERM; Cell signalling) used at 1:500 which was
compared to a loading control of mouse anti-β-tubulin at 1:5000
(E7; Developmental Studies Hybridoma Bank). Western blots were
visualized and quantiﬁed using an infrared imaging system (Odyssey;
LI-COR).
Quantitative real-time PCR
Total RNA was extracted from ﬁve third-instar wing imaginal
dics using Trizol Reagent (Invitrogen), according to manufacturer's
instructions. cDNA was generated from 1 μg of RNA and for each
sample using a mix of oligo (dT) and random primers (Quanta Bio-
sciences), using qScript cDNA SuperMix (Invitrogen). Two-Step qRT-
PCR was performed on an Eppendorf realplex 2 PCR machine using
2 μl of cDNA mix and gene speciﬁc primers with PerfeCTa SYBR Green
FastMix (Quanta Biosciences). Threshold cycle values were normalized
against RP49 (Bashirullah et al., 1999; Tadros et al., 2007) as an internal
control, and the ΔΔCT (where CT threshold cycle) method was used to
calculate relative concentrations of target mRNA. The following primers
were used to detect their respective transcripts: ﬂw forward 5′-GCCTA
CAAGATCAAATATCCGG-3′, ﬂw reverse 5′-AGCAATCTGTGAAAGTCTTCC-
3′, RP49 forward 5′-TGTGATGGGAATTCGTGGC-3′, RP49 reverse 5′-
ACTTTGGGCCTGTATGCTG-3′, Mer forward—5′GAGGAACGGATCAA-
GACATG, Mer reverse—GGCGAATGGTGAACTTCT.
GST pulldown assays
Bait glutathione S-transferase (GST) fusion proteins were expressed
in Escherichia coli BL21 DE3 cells and puriﬁed using Glutathione sephar-
ose 4B beads (GE Heathcare). Probe proteins were 35S labeled in vitro
using the TNT-coupled in vitro transcription–translation system (IVT/
T; Promega). For the in vitro binding assay, 90 μl of 35S-labeled probe
proteins diluted to approximately 10,000 cpm/μl were incubated with
approximately 100 μg of immobilized GST fusion proteins in 300 μl of
Afﬁnity Chromatography (AC) buffer (20 mM Tris, pH 7.6, 100 mM
NaCl, 0.5 mM EDTA, 10% glycerol, and 0.1% Tween-20) overnight at
4 °C (Formosa et al., 1991). The beads were washed three times in
400 μl of AC buffer. 4× SDS sample buffer was added to the ﬂow
through and elution fractions to a ﬁnal concentration of 1×, and sam-
ples boiled for 5 min. Proteinswere resolved by SDS-PAGE and exposed
to X-ray ﬁlm for 20–24 h.
Immunoﬂuoresence
Wing imaginal discs from third instar larvae or pupae of each
genotype were dissected in 1× PBS and ﬁxed in either 4% parafor-
maldehyde for 20 min at room temperature or in ice-cold 10% TCA
for 1 h for phospho-Moe staining (pERM) (Hayashi et al., 1999). Pri-
mary antibodies were used as follows: guinea pig anti-Mer 1:2000, rab-
bit anti-phospho ERM at 1:500 (Cell Signalling) (Chorna-Ornan et al.,
2005) mouse anti-patched 1:200, rat anti-DE-Cadherin 1:200, mouse
anti-Armadillo 1:500, mouse anti-Discs Large 1:500 (DevelopmentalStudies Hybridoma Bank, The University of Iowa, Iowa City, IO), rab-
bit anti-activated caspase 3 1:100 (Cell Signalling), mouse anti-MYC
1:1000 (Cell Signalling), rabbit anti-Pan Moesin 1:20,000 (D. Kiehart
Duke University), guinea pig anti-Coracle 1:10,000 (R. Fehon, U of
Chicago). Phalloidin 488 or 546 (1:1000; Invitrogen) was used to
visualize F-actin and was added at the primary antibody step.
Guinea pig, mouse, rabbit and rat secondary antibodies (raised in
donkey) conjugated to Alexa 488, or 546 (Invitrogen) or Cy3 and
Cy5 (JacksonLabs Immunological) were used at 1:1000. Nuclei were
stained with DAPI (1:5, 000). Images were collected on a Zeiss 700 con-
focal microscope (Carl Zeiss Canada) using a 63× Plan-Apo NA 1.4 lens.
Images were compiled in Adobe Photoshop CS4 extended Version 11.0.
When required, images were smoothened using a Gaussian ﬁlter
(0.5 pixels). Imaris (Andor AG) and Auto-deblur (Media Cybernetics)
were used to de-convole and compile the projections shown in Fig. 8.
The gamma range of the activated caspase 3 channel was reduced
from 1 to 0.5 in Fig. 8 panels C and G. Imaris was used to create the
maximum projections of the pERM staining in Figs. 4 and S8 using
Crop 3D and Easy 3D tools.2-D and 2-D differential in-gel electrophoresis (DIGE)/Western analysis
Wing imaginal discs of the appropriate genotypes (MS1096
Gal4 X w1118 a wild type control, and MS1096 X UAS ﬂw which
over expresses ﬂw) were dissected in 1× PBS, and a Mer immuno-
precipitation (IP) was carried out as described above. The IP was
then analysed by DIGE analysis (Applied Biomics, CA). Using DeCy-
der 2-D Differential Analysis software (GE), accurate volume mea-
surements of differences in the amount of Mer present (as detected by
Western blot) in the wild type as compared to the ﬂw over-expressing
tissue were determined. The differences of the volumes between the
Mer spots from each tissue IP are expressed as a volume ratio. This
experiment was repeated two times. Guinea pig anti-Merlin (1:5000)
was used for Western blot analysis.
To conﬁrm that the altered pattern of Merlin isoforms identiﬁed
by 2-D DIGE/Western half of the IP was treated with lambda phos-
phatase (NEB) 5 μl (400 units/μl) for 30 min at 30 °C, while the
other half was mock treated. Each sample was then resuspended in
140 μl of isoelectric rehydration buffer (8 M urea, 2% triton-X100, 2%
ampholytes pH 4–7, 40 mM DTT, 1× Complete EDTA free protease in-
hibitors). Samples were incubated for 30 min at room temperature,
then applied to Immobline DryStrips (pH 4–7: GE Healthcare) and
rehydrated for 13 h followed by IEF (100 V for 1.5 h, 500 V for
45 min, 1000 V for 45 min, 3000 V for 1 h, 5000 V for 2 h) using a
Pharmacia Biotech IPGphor system. Strips were then removed and ei-
ther used immediately or were placed at−80 °C. Strips were incubat-
ed in equilibration buffer (2 ml per strip; 6 M urea, 75 mM Tris–HCL
pH8.8, 29.3% glycerol, 2% SDS, 1% bromophenol blue, 10 mg/ml DTT).
The proteins were then run on 10% SDS-PAGE gels, transferred to
nitrocellulose and probed with guinea pig anti-Merlin (1:1000) and
anti-guinea pig HRP (1:50,000) and developed using ECL (Pierce).Wing measurements
Flies were raised on standard Bloomington Stock Centre food at
25 °C and wings were analysed as described previously (LaJeunesse
et al., 2001). Images were collected using a Orca ER Hamamatsu or
Coolsnap HQ (Photometrics) camera mounted on a Zeiss Axioskop
using a CP-Apocromat 5× NA 0.12 Zeiss lens. Area measurements
of each wing were obtained by outlining the appropriate wing area
using the free hand draw tool in Image J (National Institutes of
Health). Statistics were calculated using GraphPad software (GraphPad
Software Inc.) and ﬁgures compiled in Adobe Photoshop Extended CS4
Version 11.0 (Adobe).
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Mer and Moe form a complex with Flw protein in vivo and in vitro
We determined that Mer is in a complex with Flw when co-
expressed in Drosophila Schneider 2 (S2) cells (Fig. 1A). In S2 cells
transiently transfected with epitope tagged HA-Mer and HA-ﬂw, we
immunoprecipitated (IPed) endogenous Mer and detected HA-ﬂw in
the complex. Similarly, we were able to detect an interaction between
epitope tagged Moe and Flw by IP from S2 cells (Fig. 1B). Epitope
tagged HA-ﬂw could IP signiﬁcant amounts of endogenous Moe.
While this shows that; Flw and Mer, and Flw and Moe, can be within
the same cellular protein complex, we next asked whether this inter-
action was direct. Using GST pull-down assays, we found that Flw and
Moe (Fig. 1C) and Flw and Mer (Fig. 1D) bind directly. We also show
that a scaffold protein, Sip1, known to be required to facilitate the Slik
kinase mediated activation of Moe (Hughes et al., 2010), is able to
bind to Flw (Fig. 1C). Therefore, Mer and Moe can form complexes
with Flw in vitro and in vivo.
Expression of ﬂw regulates changes in the phosphorylation isoforms of
Mer and Moe
To detect the functional consequences of altering the formation of
a Mer/Moe and Flw protein complex, we next asked if altered cellular
levels of Flw could be linked to changes in Mer or Moe phosphoryla-
tion. It has been shown previously that in Drosophila phosphorylated
Mer is inactive (Hughes and Fehon, 2006), whereas phosphorylated
Moe is active (Hipfner et al., 2004; Hughes and Fehon, 2006; Speck
et al., 2003). First we examined changes in Mer phosphorylation fol-
lowing changes in ﬂw expression by Western blot. Previous studies
show that Mer exhibits a speciﬁc pattern of phospho-isoforms, visual-
ized as two to three bands (Hughes and Fehon, 2006; Kissil et al.,
2002). Hypophosphorylated Mer migrates at a faster rate than hyper-
phosphorylated proteins on SDS PAGE gels (Hughes and Fehon, 2006;
Kissil et al., 2002). We compared the ratio of the slower migrating
phosphorylated Mer band(s) to the faster migrating band using quan-
titative Western blot following changes in ﬂw expression. WeLo
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Fig. 1. Mer and Moe each interact directly with Flw and Sip1. A) Co-IP of anti-Mer from S2 c
associated HA-tagged ﬂw. The control lanes represent IPs using Protein A beads and no Mer a
B) Co-IP of anti-HA from S2 cells transiently transfected with HA-Flw andMyc-Moe were pro
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Moe. D) In vitro binding between GST-Mer and Flw. Radiolabeled ﬂw protein was incubated
signal is present in the eluate of GST-Mer.obtained tissue lysates from wing imaginal discs where we either el-
evated or lowered ﬂw expression using the MS1096 Gal4 driver to ex-
press UAS transgenes of ﬂw. With reduced ﬂw gene expression, we
detected a relative increase in the phosphorylated Mer isoform
(1.70±0.12 standard error; Fig. 2A). This is compared to lysates
obtained from cells with ﬂw over-expression, where we observed a
relative decrease in the amount of phosphorylated Mer (0.73±
0.07standard error; Fig. 2A). To conﬁrm relative changes in gene ex-
pression, we used qRT-PCR to show that the reduction in ﬂw
mRNA levels using MS1096 Gal4 was 92.9% (±0.0017 standard
error; Fig. S2B), whereas with over expression of ﬂw, ﬂw mRNA
expression levels were increased 150.4% (±52.13 standard
error; Fig. S2B).
We next determined the relative amount of Moe phospho-
isoforms. We compared the amount of active phosphorylated Moe
(Chorna-Ornan et al., 2005) present in tissue in which ﬂw expression
was reduced or over expressed as compared to wild type tissue. The
relative intensity of each band corresponding to phosphorylated
Moe was compared to a loading control (β-tubulin) that were then
normalized to the signals obtained from wild type controls. When
ﬂw expression is reduced, there is a signiﬁcant increase in the amount
of phosphorylated Moe (1.43±0.03 standard error; Fig. 2B), in con-
trast to over expression of ﬂw where there is a signiﬁcant decrease
in amount of phosphorylated Moe (0.65±0.04 standard error;
Fig. 2B). Analysis of the total Moe levels (phosphorylated and non-
phosphorylated) using a pan-Moe antibody (Fig. 2C) detected no sig-
niﬁcant change in total Moe levels when ﬂw expression is reduced
(1.03±0.01 standard error; p=0.29) or increased (1.04±0.03 stan-
dard error; p=0.90) as compared to wild type (1.00). Thus, there are
speciﬁc changes in the relative phosphorylation levels of both Mer
and Moe in response to changes in the relative level of Flw protein.
We also analysed the changes in Mer phosphorylation pattern by
2-D DIGE labeling combinedwith western blot analysis using a specif-
ic anti-Mer antibody. Mer IPed from wild type wing discs (Fig. 3A,
panel 2) was compared to Mer IPed from wing discs in which ﬂw
was over expressed (Fig. 3A, panel 3). The spots identiﬁed as Mer-
speciﬁc were determined by both western blot and size (Fig. 3A,
panel 4; arrows a–d). Using this method, four isoforms of Mer proteinLo
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Fig. 2. Changes in the expression of ﬂw alters the phosphorylation of both Mer and Moe. A) Mer was IPed from third instar wing imaginal disc lysates separated on low-bis
acrylamide gels and probed with anti-Mer antibody to visualize the different phosphorylated isoforms. We measure the ratio of the upper phosphorylated (upper two arrows)
Mer band(s) to the lower band of Mer upon reduction or over-expression of Flw expression. The ratio is normalized to wild type cells. Knockdown of ﬂw increases the propor-
tion of phosphorylated Mer (1.70±0.12), whereas ﬂw over-expression led to a decrease in the ratio of phosphorylated bands (0.73±0.07; n=5, ±standard error). Below the
graph is a representative western blot probed with anti-Merlin. B) Lysates from the same genotypes were run on regular PAGE gels and probed for phosphorylated Moe. There
is an increase in signal with reduced Flw protein (1.43±0.03), but a decrease of signal when ﬂw is over-expressed (0.65±0.04). The relative change in the amount of phos-
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is a representative western blot probed with anti-phophoERM and anti-β tublin antibody as a loading control. C) Lysates from the same genotypes run on regular PAGE gels and
probed for Moe expression using an antibody that recognizes both phosphorylated and non-phosphorylated Moe, and a β-tubulin loading control. There is no signiﬁcant
change in overall-Moe expression following reduced or over expression of ﬂw as compared to wild type. The relative changes in expression are listed below the Western blot.
416 Y. Yang et al. / Developmental Biology 361 (2012) 412–426can be detected (Fig. 3A; arrows a–d). Over expression of ﬂw causes
a shift in the ratio of Mer isoforms correlated with a changing iso-
electric point indicating changes in phosphorylation state (Fig. 3B,
C). In Fig. 3B the volume of each Merlin signal as detected by MerlinDC
B
A
Fig. 3. In wing disc epithelial cells Mer exists as four phospho-isoforms A) A 2-D DIGE/West
Mer Western blot (blue). The subsequent panels show the black and white image for wild ty
isoforms (a–d; arrows) are apparent as conﬁrmed by the western blot with α-Mer antibody
sion of ﬂw as compared to wild type tissue shows reproducible changes in phosphorylation
present in panel B (UAS ﬂw/wild type). The greatest increase in the ratio of is in spot 3d, su
lated Mer. D) To conﬁrm that changes in the ratio of Mer isoforms is due to changes in pho
phosphatase treatment there is a decrease in the hyperphosphorylated isoforms and an incantibody (outlined in yellow) are compared between wild type tis-
sue and tissue in which ﬂw is over expressed. The differences of
the volumes between the Merlin signals from each genotype are
expressed as a volume ratio (Fig. 3C). The volume of both signalspH4.0 pH7.0
Mer
untreated α−Mer IP
lambda phosphatase
treated α−Mer IP
Mer
ern blot, showing wild type protein (green), the over expression ﬂw (red) and the anti-
pe, over expression of ﬂw (UAS ﬂapwing) and the anti-Mer blot, respectively. Four Mer
. B) Direct comparison of the volume of the signal of labeled protein from over expres-
patterns following the increased expression of ﬂw. C) A numerical summary of the data
ggesting that with increased ﬂw expression there are increased levels of dephosphory-
sphorylation states, 50% of a Mer IP was treated with lambda phosphatase. Following
rease in hypophosphorylated isoform (arrow) as compared to untreated sample.
417Y. Yang et al. / Developmental Biology 361 (2012) 412–426“a” is similar (1.08), whereas the ratio increases for signals “b–d” in-
dicating that the volume from the sample over expressing ﬂw is
greater than that the wild type sample (Fig. 3C a–d). Thus, with in-
creased expression of ﬂw there is more hypophosphorylated Mer
present. We then conﬁrmed that the changes in the ratio of Mer iso-
forms are due to changes in phosphorylation state is shown in
Fig. 3D where there are 4 isoforms and following phosphatase treat-
ment there is an increase in the amount of the least phosphorylated
Mer isoform (Fig. 3D untreated versus Fig. 3D treated with lambda
phosphatase; arrow).
Reduction of ﬂw expression alters Mer and Moe localization at the plas-
ma membrane and affects epithelial integrity
To determine the functional role of Flw within a whole organism,
we assayed the effect of altering Flw protein levels upon the sub-
cellular localization of both Mer and Moe proteins in third instar
wing imaginal disc epithelial cells. In these cells, Mer andMoe are nor-
mally localized to the apical plasma membrane and to the adherens
junctions (Hughes and Fehon, 2006; Speck et al., 2003). A portion of
the protein Mer is also present in the cytoplasm in punctae (Hughes
and Fehon, 2006). We reduced the expression of ﬂw using a patched
(ptc) Gal4 driver which is expressed in a vertical stripe spanning ap-
proximately 8 to 10 cells (Fig. S11) along the anterior/posterior
boundary of the wing imaginal disc (Capdevila and Guerrero, 1994).
In the ptc-expressing cells ﬂw expression is reduced, and we observe
a corresponding change in the intensity of staining when probing for
Mer, phosphorylated Moe, and apical markers such as DE-Cadherin
compared to the corresponding region of the wild type disc epithelium.
Effects on the epithelial integrity of the cells both within and directly
adjacent to the ptc expression domain are also seen. A single section
of the apical surface of a wing disc shows brighter staining of both
Mer (Fig. 4B′; arrow) and DE-Cadherin (Fig. 4C′; arrow) in the region
where ptc is expressed as compared to cells outside of the ptc expres-
sion domain or to wild type cells (Mer; Fig. 4B; DE-Cadherin: Fig. 4C).
Single sections taken 4.0 μm and 8.0 μm below the apical surface show
that, at and adjacent to the region where ﬂw expression is reduced
within the ptc stripe, the epithelial cells originating from the apical sur-
face of the disc havemoved basally as indicated by the increased bright-
ness of staining of Mer (Fig. 4F′, J′) and DE-Cadherin (Fig. 4G′, K′) in
comparison to wild type cells (Fig. 4 Mer; F and DE-Cadherin G). This
shows there is a severe deformation of the disc epithelium. The defor-
mation (Box 3 in Fig. 4H′) is most obvious in the orthogonal section of
the corresponding area (Fig. 4-3c), where folding of the epithelium is
outlined by staining of the two apical membrane markers. The mor-
phological changes represented at the locally deformed epithelium
(Fig. 4-3c) resemble the tissue morphology of two apical surfaces ap-
posed to one another in either the non-ptc-expressing cells (Fig. 4-2c)
or the ptc-expressing cells with the wild-type level of ﬂw expression
(Fig. 4-1c). Nevertheless, cells with a reduced level of ﬂw expression
show a brighter staining intensity of Mer, particularly at the apical cell
membrane (Fig. 4-3a, arrowheads), as well as a brighter DE-Cadherin
staining level (Fig. 4-3b), compared to cells in which ﬂw expression is
unaffected (Fig. 4-2a, 1a Mer; and 2b, 1b, DE-Cadherin).
When Mer is hyper-phosphorylated, it is more strongly associated
with the plasma membrane (Hughes and Fehon, 2006). Hence, the
changes in the intensity of Mer staining at the membrane are likely
a consequence of increased phosphorylation as there is no increase
in Mer mRNA levels as determined by qRTPCR (Fig. S3). In cells
where ﬂw expression is reduced we see brighter staining of phos-
phorylated Moe (pERM) along the ptc expressing cells (Fig. 5E, F) as
compared to wild type cells (Fig. 5B, C). The cells within the region
where ﬂw expression is reduced stain more brightly (Fig. 5F; yellow
arrow) in a maximum projection image as compared to the point
where two apical surfaces come together outside of the ptc expres-
sion domain (Fig. 5F; white arrow).We also asked whether other plasma membrane compartment
markers were affected by a reduction in ﬂw expression including po-
larity markers such as the adherens junction (Armadillo), septate
junctions (Coracle, Discs-large), actin cytoskeleton (F-actin). We ob-
serve that apical markers such as Armadillo or F-actin are increased
in brightness (Fig. S8E, F; maximum projection) within the ptc
expressing domain where ﬂw expression is reduced as compared to
neighbouring cells in which ﬂw expression is not reduced (Fig. S8E;
circled region), or in wild type cells (Fig. S8A, B). These cells are
changing in shape and location (Figs. 9G and 10G). Often, the apical
deformation of the epithelial cells is so strong that the squamous peri-
podial cells which overlay the epithelial cells are pulled into the de-
formation or fold (Fig. 10E, E′; circled region; Fig. S6F). Associated
with cells changing in shape we see brighter Armadillo staining with-
in and immediately adjacent to the cells with reduced ﬂw expression
(Figs. S6E and S7E, single sections). To account for potential changes
in staining brightness due to simple deformation of the tissue we
also analysed changes in staining in maximum projection images
which were collected by z stacks throughout the entire disc. In max-
imum projections we also see that the overall brightness of Armadillo
staining is increased in cells where ﬂw expression is reduced as com-
pared to the neighbouring cells (Fig. S8E). However, in the third instar
imaginal discs markers of the septate junctions such as Coracle (Fig.
S8E; maximum projection) or Discs Large (Figs. 4E and S5E; single
sections) are largely unchanged in the cells that have reduced ﬂw ex-
pression when compared to the cells not in the ptc expression domain
(Figs. S4A, S5A, 10E, E′, S6F and S7F, single sections and Fig. S8G ver-
sus Fig. S8C, maximum projections). The brighter staining observed in
Fig. 10E or Fig. 8G are peripodial cells pulled into the apical fold. Thus,
there appears to be a combination of an increase in intensity of staining
of both anti-Mer at the plasma membrane and anti-phosphorylated
Moe in the ptc expressing cells reﬂective of both the extent of phosphor-
ylation and the resulting rearrangement of cells within this region.
To conﬁrm the observation of changes to Mer and Moe staining
levels in individual cells, as well as to avoid potential artefacts on pro-
tein subcellular localization due to deformation of the tissue within
the ptc-expressing domain, we also reduced the expression of ﬂw by
using a Gal4 apterous (apt), which drives the expression of a trans-
gene throughout the entire dorsal epithelium of the wing. Reduction
of ﬂw expression with apt Gal4 results in the same apical deformation
and foldingwithin the cells at and near the dorsal/ventral boundary (Fig.
S9E–H). There is a similar increased brightness in staining of F-actin (Fig.
S9E), Mer (Fig. S9F, J) speciﬁcally in the dorsal compartment of the disc
epithelium, with more subtle effects on apical junction markers of Ar-
madillo (Fig. S9G, M versus N). The increase of Mer staining on the plas-
ma membrane of epithelial cells in which ﬂw expression is reduced is
clear in the dorsal compartment (Fig. S9J) as compared to Mer staining
in the ventral compartment (Fig. S9K) or that normally seen in the
wild type disc (Fig. S9I). Again, peripodial cells are being pulled into
the apical fold (Fig. S9G; arrow). The effect of reducing ﬂw expression
with apt Gal4 on Moe phosphorylation is very pronounced. Three suc-
cessively deeper confocal sections within the affected disc show that,
in themajority of cells within the dorsal compartment, phosphorylated
Moe staining is detected around the entire cell membrane (Fig. S10A′, D′,
G′, J′ arrowheads), as in comparison to the wild type cells in which phos-
phorylatedMoe is restricted primarily to the apical section of the epithe-
lial plasma-membrane (Fig. S10A, D). In addition, these cells exhibit a
drastic change in cell shape from cuboidal to round. In some cells, Coracle
staining appears to be partially overlapping with phosphorylated Moe
staining, suggesting that some deregulation of activity of junction com-
plexes may be taking place (Fig. S10, E′, H′ and merge F′, I′ arrow-
heads). Taken together, this suggests a loss of epithelial polarity
which leads to a loss of epithelial integrity upon reducing ﬂw
expression.
Epithelial defects in the wing discs become more extreme during
the transition of larval to pupal stage. The deformation and folding
418 Y. Yang et al. / Developmental Biology 361 (2012) 412–426of the apical surface observed in the ptc expressing cells in third instar
imaginal discs (Figs. 4A′–L′ and 5D–F) appears to progressively in-
crease in severity leading to formation of holes in the apical surfaceA B
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Fig. 5. Reduction of ﬂw expression results in increased brightness of phosphorylated (active) Moe localization on the plasma membrane. A–C) A maximum projection of a ptc X
w1118 control wing imaginal disc stained for anti-Ptc and anti-phosphorylated ERM (anti-pERM). D–F) A maximum projection of a ptc X UAS ﬂw-IR wing imaginal disc staining
for anti-Ptc and anti-pERM. The pERM staining forms a brightly stained line (yellow arrow in F) along the ptc expressing cells that is brighter than the line formed where the
two apical surface (white arrow in F) come together.
419Y. Yang et al. / Developmental Biology 361 (2012) 412–426wing show deep folds which are devoid of cells apically as evidenced
by the lack of DAPI stained nuclei (not shown), Armadillo (Fig. 6B′),
and Coracle expression (Fig. 6C; outlined area), but confocal sections
taken 1 μm (Fig. 6E′–H′) or 2 μm (Fig. 6I′–L′) below the apical surface,
show groups of cells with brighter staining of anti-Armadillo (Fig. 6F′,
J′, N′) and F-actin (Fig. 6E′, I′, M′) as compared to the adjacent wild
type cells, particularly those with their shape changed from cuboidal
to round (Fig. 6A–L). The brightness of Coracle staining appears sim-
ilar between cells within and outside of the ptc expression domain
(Fig. 6C, G, K versus Fig. 6C′, G′, K′). The exception to this observation
are the large round cells below the apical surface (Fig. 6G′) where
there is partial co-localization between Coracle and Armadillo and
F-actin (Fig. 6L′; white area of overlap; arrows) suggesting that these
markers of distinct junction complexes are overlappingwhich indicates
a loss of apical–basal polarity within these cells. Notably, the over ex-
pression of ﬂw (using ptc Gal4) appears to have no effect on the sub-
cellular localization of Mer or phosphorylated Moe staining (data not
shown).
Due to the drastic deformation of the wing disc epithelial surface
and changes in markers of adherens junction, we then looked at
how these changes affected adult wing formation. Analysis of wings
from adults with reduced ﬂw expression shows a 25% decrease in
wing size between veins L3 and L4 (Fig. 7A, B; marked by the bracket
in each panel) corresponding to the region where the ptc Gal4 is
expressed. The wing is slightly deformed in the region between L3
and L4 as the entirewing does not lie in a single focal plane (Fig. 7B; out-
lined by the dashed lines). However, over-expression of ﬂw with ptc
Gal4 does not signiﬁcantly change the wing size as compared to wild
type (Fig. 7A). In addition, we detected that there is an increase in the
number of apoptotic cells in the region of reduced ﬂw expression,Fig. 4. Reduction of ﬂw expression results in increased Mer localization at the plasma memb
wandering third-instar animals of control (ptc Gal4 X w1118; A–H) or reduced ﬂw (ptc Gal4 X
along the anterior posterior boundary (blue). In control discs the staining of Mer (B, F; green
the cells expressing ptc and the surrounding tissue both at the apical surface and 8 μm below
is a marked increase in the brightness of signal for both Mer (B′) and DE-Cadherin (C′) in
apical surface (A′–D′), as well as at 4.0 μm (E′–H′) and at 8.0 μm (I′–L′) below the apical sur
a normal fold in the wing disc where two apical surfaces are apposed. 3a–c) Orthogonal sect
Cadherin staining are brighter on the plasma membrane.within the cells expressing ptc GAL4, as compared to wild type control
wing imaginal discs (Fig. 8G; arrows versus Fig. 8C). Within the group
of cells moving basally stained more brightly with Mer there are also
more apoptotic cells as marked by activated caspase 3 staining (Fig. 8F
arrow and G arrow). In wild type tissues, the majority of the apoptotic
cells were located in the notum and peripodial cells (data not shown).
Thus, reduction in wing tissue is due in part to increased apoptosis.
Expression of double stranded RNA targeting ﬂw in the ptc expres-
sing cells (ptc Gal4 X ﬂw-IR) reduces ﬂw expression an average of
81.1% (±0.03 standard error) as determined by real time quantitative
PCR (Fig. S2A). In contrast, over-expression of ﬂw in the ptc expressing
cells were increased an average of 50.8% (±17.6 standard error; Fig.
S2A). This would suggest that flw was essentially decreased or in-
creased in these cells. Thus, reduced expression of ﬂw affects both Mer
andMoe localization on the plasmamembrane aswell as leading to sig-
niﬁcant alteration in epithelial integrity. This is in contrast to over-
expression of ﬂw which has no obvious effects on Mer or Moe sub-
cellular localization or epithelial integrity suggesting that a threshold
level of ﬂw is required but excess levels are not signiﬁcantly deleterious.
Alternately, this may suggest that Flw, Mer, andMoe function as part of
a complex in cooperation with a scaffold protein such as Sip1 (Hughes
et al., 2010). Thus, once the proteins are bound in a complex, increased
expression of one component of the complex, such as Flw, would have
no effect on the activity of the proteins already bound in the complex.
Expression of alternate levels of phosphorylated Mer or Moe partially
recapitulate the loss of ﬂw expression phenotype
We next asked whether the changes in Mer or Moe phosphorylation
could be directly correlated to the changes in adhesion between cells,rane and deformation of the apical surface of wing disc. Imaginal discs dissected from
ﬂw-IR; A′-L′) expression were analysed. ptc Gal4 drives expression in a vertical stripe
) or the adherens junction marker (C, G; DE-Cadherin, red) appears equivalent between
the apical surface. However, when the expression of Flw is reduced (UAS Flw-IR), there
the cells expressing ptc as compared to the surrounding tissue. This is apparent at the
face. 1a–1c, 2a–2c) Orthogonal sections taken at box 1 in H, or box 2 in H′ are through
ions taken at box 3 in the deformed apical fold in the ptc expression cells. Mer and DE-
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Fig. 6. Reduced ﬂw expression forms apical holes and loss of epithelial polarity in pupal wing disc epithelium. Wing discs from 10 h pupae from control wild type (ptc Gal4 X w1118;
A–L) or reduced ﬂw expression (ptc Gal4 X ﬂw-IR discs; A′–P′) were analysed for F-actin, Armadillo, Coracle. The ptc expression domain is indicated with asterisks in panels A and A′.
Single confocal sections of the apical surface of the pupal wing (A–D), 1 μm (E–H), and 2 μm below (I–L) the apical surface show even intensity of staining of all markers. A′–F′)
Large holes containing no cells (dotted frame in D′) appear at the apical surface of the wing imaginal disc. Cell along the edge of the hole has brighter F-actin (A′) and Armadillo
(B′) staining. Single sections taken 1 μm (E′–H′) or 2 μm (I′–L′) below the apical surface show the presence of large rounded cells with increased brightness of staining for F-actin (E′, I′)
and Armadillo (F′, J′). The cells located below the apical surface stain more brightly with Coracle (G′, K′) which is mislocalized and partially co-localizes with F-actin and Armadillo (L′
arrowheads). M′–P′) Orthogonal sections taken perpendicular to the ptc expression domain show the large deformation of the apical surface (arrowheads).
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AB
Fig. 7. Reduced expression of ﬂw reduces the size of the adult wing. A, B) Over-expression of ﬂw or control ptc X w1118 ﬂies have wings of the same size when measuring the size of
the ptc expression domain between veins L3 and L4 (B, ptc expressing cells marked by brackets). When ﬂw expression is reduced there is a 25% reduction (pb0.001) of the size of
the wing between veins L3 and L4 as compared to over expression of ﬂw or wild type. In addition, the wing is slightly deformed as visible by the inability to focus completely on one
surface (B, dotted frame). A) Overexpression of phosphomimic or non phosphorylateable Mer or Moe partially recapitulates the reduced ﬂw expression phenotype in the L3–L4
area. Overexpression of MerT616A, MoeT559A and MoeT559D results in a small but signiﬁcant decrease in the relative area of the ptc expression domain as compared to wild type.
MerT616D is not signiﬁcantly different from wild type. **pb0.001 and ***pb0.0001.
A B C D
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Fig. 8. Reduction of ﬂw expression correlates with an increase in the number of apoptotic cells. A) Maximum projection of all Z-sections of a wild type control imaginal disc. B) Anti-
Mer staining. C) Anti-activated Caspase 3 staining. D) Ptc staining. Wild Type control (ptc Gal4 X w1118; A–D) Imaginal discs show a minimal number of apoptotic cells as marked by
activated Caspase-3 antibody staining (C). E) Maximum merged projection of all Z-sections together of a wing disc with reduced ﬂw expression. F) Anti-Mer staining. G) Anti-
activated Caspase 3 staining. H) Ptc expression. E-H) When ﬂw expression is reduced in the cells expressing ptc, there are more activated Caspase 3 spots apparent, especially
on the edges of the ptc expression region (ptc Gal4 X ﬂw-IR; E–H, arrows in G).
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Fig. 9. Overexpression of Mer (MerWT), constitutively active Mer (MerT616A) or inactive Mer (MerT616D) partially recapitulates the loss of ﬂw expression phenotype. A–D) Control
wing discs (ptc Gal4 X w1118) showing no obvious changes in the epithelium. E–H) ptc Gal4 X UAS ﬂw-IR. Reduction of ﬂw expression results in deformation of the apical surface
marked by brighter anti-Mer and F-actin staining. Inset in E is a maximum projection of the cells expressing ptc GAL4. Larger peripodial cells are apparent in the deformation of the
apical surface as marked by anti-Mer staining (F; arrowhead). An orthogonal section clearly shows the deformation of the apical surface of the wing disc (F′–H′). I–L) Over-
expression of wild type Mer (ptc Gal4 X UAS MYC-MerWT). There is increased brightness of Mer as detected by Mer antibody with subtle deformation of the apical surface (J, K;
arrowhead). I′–L′) An orthogonal section showing minor disorganization of the epithelium. M–P) In discs over-expressing inactive Mer (ptc Gal4 X UAS MYC MerT616D) formation
of a small fold in the apical surface of the disc is seen (O, O′; arrowhead). Q–T) Overexpression of active Mer (ptc Gal4 X UAS MYC MerT616A) results in a more severe deformation of
the apical surface of the wing disc (S′ arrowhead) including the formation of a fold at the edge of the ptc expression domain. All orthogonal sections were taken perpendicular to the
wing disc at the position marked by the arrow on the right side of each merged image.
422 Y. Yang et al. / Developmental Biology 361 (2012) 412–426and/or the movement of cells apically to basally in the wing disc when
ﬂw expression is reduced. To test this possibility we used a phosphomi-
mic or nonphosphorylatable formofMer orMoe to see ifwe could repro-
duce any of the defects caused by ﬂw loss of function. Wild-type Mer
(UAS-MYC-MerWT), phosphomimic Mer (UAS-MYC-MerT616D) ornonphosphorylatable Mer (UAS-MYC-MerT616A) were over expressed
in the ptc expressing cells in third instar imaginal discs (Hughes and
Fehon, 2006). Over expression of wild type Mer (MerWT), the phospho-
mimic (inactiveMer,MerT616D), or the nonphosphorylatableMer (active
Mer, MerT616A,) all produce a change in the epithelium with the
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Fig. 10. Overexpression of Moe (MoeWT), constitutively active Moe (MoeT559D) or inactive Moe (MoeT559A) partially recapitulates the ﬂwIR phenotype. A–D) Control (ptc Gal4 X w1118)
wing discs. E–H) ptc Gal4 X ﬂw-IR. Reduction of ﬂw expression results in deformation of the apical surface marked by anti-Coracle (E), anti-pan-Moe (F), and F-actin (G) staining. In this
example there is a large deformation in the apical surface. The part of the apical surface indicated with the dotted frames shows a number of large squamous peripodial cells which have
been pulled into the fold asmarked by anti-Coracle (E, E′). An orthogonal section clearly shows the deformation of the apical surface of thewing disc (F′, G′; arrowheads). I–L) Discs over
expressing a wild type Moe transgene (ptc Gal4 X UAS MYC MoeWT) show a subtle deformation of apical membrane (K′, L′; arrowhead) and the formation of a fold as marked by anti-
panMoe staining (J, K, L; arrowhead). M–P) Over-expression of an active Moe transgene (ptc Gal4 X UAS MYC MoeT559D) results in the formation of a fold at the edge of the ﬂw-IR
cells. Brighter anti-panMoe staining marks the peripodial cells that are pulled into the fold (N; arrowhead) and the increased F-actin staining mark the epithelial cells surrounding the
deformation (O, arrowhead). Q–T) Over-expression of an non-phosphorylateable inactive Moe transgene (ptc Gal4 X UAS MYC MoeT559A) in which there is the formation of a fold at
the edge of the ptc expression domain as marked by changes in F-actin staining (R, S; arrowhead). The expression of each transgene is marked by increased staining intensity of pan-
Moe in the centre of the wing disc. Orthogonal sections above each panel were taken perpendicular to the disc at the position marked by the arrow to the right of each merged image.
Asterisk in the panels showing F-actin staining indicates the ptc expressing cells.
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424 Y. Yang et al. / Developmental Biology 361 (2012) 412–426formation of small folds in the apical surfacewhich are oftenmost clearly
seen in the orthogonal sections (Fig. 9K, O and O′; S and S′). In some
discs, large deformations are apparent at the edge of the ptc expression
domain such as with either MerT616A (Fig. 9S; arrowhead) or MerT616D
(Fig. S4M–P, M′–P′; arrowheads). In the most extreme examples, two
folds form on either side of the ptc expression domain and squamous
peripodial cells are pulled down into the apical folds (Fig. S6N–P; arrow-
heads and R–T; arrowheads). While a range in the phenotypes is ob-
served, the over expression of all three Mer transgenes partially
recapitulates the loss of ﬂw expression phenotype (Figs. 9E–H, E′–H′
and S4E–H, E′–H′).
Over-expression of wild type Moe (MoeWT), phosphomimetic
Moe (active Moe; MoeT559D), or nonphosphorylateable Moe [inactive
Moe; MoeT559A; (Speck et al., 2003)] in the ptc expresing cells also
partially recapitulates the loss of ﬂw expression defect in third instar
imaginal disc cells (Fig. 10I–T). There is a range of effects observed
from subtle epithelial deformation with the over expression of Moe
(Fig. 10I–L, I′–L′; arrowhead and Q–T; arrowheads), to larger folds
of the apical surface with squamous peripodial cells pulled down
into the folds (Figs. 10M–P, M′–P′ and S7 M–P, M′–P′).
Over expression of phosphomimetic or nonphosphorylateable
Mer or Moe transgenes also produces a small but signiﬁcant decrease
in the relative area of the adult wing where ptc is expressed for all
transgenes tested except for MerT616D (Fig. 7A; right). MerT616A is
reduced 6.8%, MoeT559D is reduced by 3.7% and MoeT559A is reduced
by 4.2%. MerT616D is not signiﬁcantly changed from wild type. To-
gether these results show that alteration in Mer or Moe phosphory-
lation levels results in changes in epithelial integrity similar to that
observed with reduction of expression levels of Flw phosphatase.
Alteration of ﬂw expression results in reproducible changes in Mer
and Moe phosphorylation. Loss of ﬂw expression results in brighter
Mer and phosphorylated Moe staining at the membrane and deforma-
tion of the apical surface which becomes progressively more severe.
The end result is increased apoptosis of cells within cells of reduced
ﬂw expression and a decrease in the size of the wing. The effects are
likely due to changes in Mer and Moe phosphorylation as over-
expression of either a phosphomimic or nonphosphorylateable Mer or
Moe transgene can recapitulate the phenotypes observed with reduc-
tion of ﬂw expression.
Discussion
Some of the major functions of Mer and Moe are co-ordinately
regulated by the kinase Slik (Hughes and Fehon, 2006). The phos-
phorylation by Slik of Mer inactivates Mer whereas phosphorylation
by Slik of Moe activates it (Hughes and Fehon, 2006). From these
ﬁndings, we had hypothesized that a corresponding coordinate phos-
phatase activity would mediate the subsequent activation of Mer and
inactivation of Moe.
Our results suggest that the PP1 phosphatase Flw would act antag-
onistically to the kinase Slik during the coordinate regulation of Mer,
acting as a tumour suppressor protein, and Moe, required to maintain
epithelial integrity. If Flw acts as a coordinate regulatory phosphatase
for Mer and/or Moe, we would expect that Flw is in a protein complex
with both Mer and Moe, and this is what we observed, both in vitro
and in vivo. We show a reproducible increase in the ratio of depho-
sphorylated to phosphorylated Mer isoforms when ﬂw is overex-
pressed and a decrease in this ratio when ﬂw expression is reduced
(Fig. 2). In addition, we detect four distinct Mer phosphorylation iso-
forms (Fig. 3), whereas previous estimates (Hughes and Fehon, 2006;
Kissil et al., 2002) suggested only 2–3 isoforms of Mer protein. Support-
ing these observations, the over-expression of ﬂw increases of the
amount of dephosphorylated Mer signal present as compared to the
wild type tissue by 2-D DIGE analysis (Fig. 3D). Flw also affects the
phosphorylation of Moe (Fig. 2). The amount of phosphorylatedMoesin
protein is reducedwhen ﬂw is over-expressed as compared towhen ﬂwexpression is reduced (Fig. 2). Thus, Flw appears to be a phosphatase
speciﬁc for both Mer and Moe.
Most importantly, using functional assays in whole animals, Flw
mediated regulation of Mer and Moe, has clear effects on both Mer
and Moe protein localization to the plasma membrane and on epithe-
lial organization. There is a higher intensity of staining of both Mer
and phosphorylated Moe associated with the plasma membrane
upon reduction of ﬂw expression (Figs. 4 and 5). When we examined
the levels of other typical apical domain markers as well as basolat-
eral markers by maximum intensity projection analysis, we found
that maximum projections from larval wing discs show increased
brightness of p-ERM, F-actin and anti-Armadillo, within the cells is
which ﬂw expression is reduced (Figs. 5 and S8E, F), whereas the sep-
tate junction marker anti-Coracle staining is not changed in intensity
over the whole disc (Fig. S8G). This suggests that as a result of
changes in Mer and Moe phosphorylation there are changes in links
to the actin cytoskeleton and adherens junctions where both Mer
and Moe play roles in wild type cells. We have previously demon-
strated that phosphorylated Mer is more tightly associated with the
plasma membrane (Hughes and Fehon, 2006). In agreement with
our data from Drosophila, mammalian cells also show increased plas-
ma membrane association of a phosphomimic form of moesin or the
related protein ezrin whereas dephosphorylated ERM proteins are
less associated with the plasma membrane (Hao et al., 2009). Follow-
ing ﬂw knockdown in selected cells in the wing epithelium, cells
within the boundary between cells with reduced ﬂw expression levels
and cells with wild type ﬂw expression levels undergo the greatest
amount of change in terms of epithelial integrity. The loss of polarity
leads to increased apoptosis in these cells. These effects are observed
when ﬂw expression is reduced in only a few cells such as using the
ptc Gal4 driver (Figs. 4–6) or in the entire dorsal compartment of
the wing such as using the apterous Gal4 driver (Figs. S9 and S10).
The cells along the boundary region appear to fold inwards and de-
tach from the rest of epithelium (Figs. 4A′–L′, S9E–H and S10A′–I′).
This is likely the direct result of the difference in adhesion between
cells that have reduced ﬂw expression and cells which express wild
type levels of Flw protein. We have shown that as Mer and Moe ap-
pear to be direct targets of Flw, and both Mer and Moe have roles in
adhesion (Gladden et al., 2010; Lallemand et al., 2003; Speck et al.,
2003). Thus the changes in the adhesion of wing epithelium upon re-
duction of ﬂw are likely a result of changes in Mer and Moe phosphor-
ylation and thus activity. The combination of excess active Moe and
excess inactive Mer would affect the balance between maintenance
and loss of stabilization of adherens junctions leading to the changes
in adhesion and deformation of the wing epithelia that we observed.
These adhesion differences could account for the formation of the
large folds along the boundary of the ptc expression domain as cells
of similar adhesion are more likely to adhere to themselves (Figs. 4–6,
S9 and S10; Guthrie and Lumsden, 1991; Ingham and Martinez Arias,
1992; Klein, 1999; Lumsden, 1990; Lumsden and Guthrie, 1991;
Mellitzer et al., 1999; Morata and Lawrence, 1977; Xu et al., 1999).
The deformation of the wing imaginal tissue appears to be pro-
gressive as in pre-pupal wing discs (10 h after pupariation), deep
holes are observed that extend from the apical surface basally indicat-
ing that cells at the apical surface have left the epithelium and are
forming balls of cells basally within the disc (Fig. 6). In further sup-
port of our results, the loss of sds22, a PP1 regulatory subunit, in clon-
al analysis shows that in large clones in wing discs there is infolding
of the mutant tissue with cells being extruded from the epithelium
(Grusche et al., 2009). Cells with loss of function Sds22 also exhibit
Moe hyper-phosphorylation (Grusche et al., 2009). Notably, this is
reminiscent of what we observe with reduction of ﬂw expression
and over expression of phosphomimic or nonphsophorylatable Mer
or Moe.
While a likely cause of some of the changes we see in our func-
tional assays are due to changes in Mer and Moe phosphorylation
425Y. Yang et al. / Developmental Biology 361 (2012) 412–426as a result of changes in ﬂw expression, the possibility remains that
the level of analysis and resolution of our functional assays in both
larval and pupal imaginal wing discs may be insufﬁcient to clearly
show subtle differences in the subcellular localization on the mem-
brane of Mer, Moe and apical markers. Thus, we cannot conclude
that the defects associated with ﬂw are due solely to defects in Mer
and Moe activity as other Flw targets have been identiﬁed (Kirchner et
al., 2007; Lee and Treisman, 2004).
In our view, the ability to partially recapitulate the loss of ﬂw phe-
notype in ptc expressing cells by the over-expression of either a phos-
phomimic or nonphsophorylatable Mer or Moe also strongly suggests
that this phenotype is, in part, due to the differences in the ratios of
active Mer or Moe to inactive Mer or Moe which lead to the corre-
sponding changes in apical epithelial integrity, in third instar discs.
This is exempliﬁed by the observation that often with over expression
of either the phosphomimic or nonphosphorylatable Mer or Moe, the
formation of a fold is most apparent at the edge of ptc expression at
the boundary where the difference in the expression of Mer or Moe
within the ptc expressing cells and the neighbouring wild type cells
would be greatest. In this way it is not unexpected that the overall effect
on the tissue deformation and adhesion is the same with phosphomi-
mic or nonphosphorylatable Mer or Moe, although it is possible that
the underlying causes are different due to the predicted opposite activ-
ities of the transgenes. It is not surprising that we do not reproduce the
severity of the ﬂw RNAi phenotype as it is well established that the Flw
phosphatase hasmanyother targets that are also known to have roles in
the regulation of the actomyosin network in wing discs such as Spa-
ghetti squash and Jun-N terminal kinase, (Kirchner et al., 2007; Lee
and Treisman, 2004). Therefore, although it is likely that the ﬂw-IR phe-
notype of epithelial deformation represents a combinatorial effect of
deregulation of multiple Flw targets, the defect is at least in part result-
ing from changes in Mer and Moe activity following ﬂw knock down.
However, to further conﬁrm these conclusions epistatic analyses be-
tween Mer and Moe with other known Flw targets would be required.
Within or directly beside the edge of the ptc expression domain in
wing imaginal discs, signiﬁcantly more cells stain positively for acti-
vated Caspase 3.This suggests that cells in these affected domains
are undergoing increased levels of apoptosis (Fig. 7G). These pheno-
types are again reminiscent of what is observed in loss of function
clones of Sds22, exhibit an increase in the number of apoptotic cells
in the wing discs (Grusche et al., 2009).
In addition to measuring the number of apoptotic cells, we tested
for altered proliferation rates in cells with reduced ﬂw. However,
these results were inconclusive. While we do see a 24.7% decrease
in wing size in the ptc Gal4 expressing region with reduction of ﬂw
expression (Fig. 7), Flw mutants have been previously demonstrated
to drastically reduce wing size likely through the interaction and regu-
lation of non-muscle myosin (e.g. spaghetti squash) (Vereshchagina et
al., 2004).
We have also demonstrated that Flw also binds to the scaffold pro-
tein Sip1 (Fig. 1C). Sip1 functions with the kinase Slik to regulate Moe
activity to maintain epithelial cell integrity (Hughes et al., 2010).
Therefore, our ﬁndings suggest that Mer, Moe, Flw, and Sip1 function
within a protein complex. This incorporation within a regulated pro-
tein complex is necessary to coordinate cellular response to changing
epithelial integrity. This might also explain why the over expression
of ﬂw does not have a strong effect on epithelial integrity. If Mer
and Moe, need to be part of a complex with Flw and Sip1 in order
to regulate epithelial integrity and proliferation, then expression of
excess phosphatase outside the complex would have no effect on tissue
morphology and growth. On the other hand, loss of the phosphatase
would have a direct effect since there would be reduced levels of func-
tional protein complex.
Future studies are required to determine additionalmembers of this
regulatory complex, such as the likely candidates Sds22 andMYPT-75D
(Grusche et al., 2009; Jin et al., 2006). The similarity in phenotypesbetween Sds22 mutant cells and our results of knockdown of ﬂw func-
tionwould also support a role of Sds22 to interactwith Flw in regulating
Moe function.
Conclusions
We show that the Mer and Moe proteins are direct targets of the
catalytic subunit of the PP1 phosphatase Flw. This identiﬁes another
important player in the regulation of both Mer and Moe in Drosophila.
This is the ﬁrst identiﬁcation of a phosphatase coordinately regulating
both Mer and Moe activity in vivo. What remains to be determined is
how Flw is targeted to regulate Mer and Moe function and what
downstream pathways may be affected by these interactions.
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